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Summary

The Langley Research Center has a small, sub-

sonic wind tunnel in use with the 13-inch Magnetic

Suspension and Balance System (MSBS). Design and
construction considerations resulted in a modified oc-

tagonal test section. The transparent test section

allows flow visualization over model spans of 6 to
8 inches and lengths of 8 to 12 inches. The tunnel

is capable of speeds up to Mach 0.5 and has pre-
dictable and acceptable longitudinal Mach number

distributions. Flow uniformity measurements show

dynamic pressure variations less than =l=0.25 percent

across about 80 percent of the test section area. Mea-

surements of flow angularity in pitch show about

0.5 ° upflow. Velocity fluctuations in the longitudinal

direction are about 0.2 =l=0.1 percent.

Introduction

Model support interference can be a major prob-
lem during wind-tunnel testing. References 1 and

2 contain over 175 citations from as early as 1923

which only partially document the severity of this

problem. From the mid-1950's to around 1970, re-

searchers regarded Magnetic Suspension and Balance

Systems (MSBS) as a solution to the support in-

terference problem. Reference 3 documents many

research programs and related facilities developed
to make maximum use of the then current MSBS

capabilities.

Although some small wind tunnels equipped with

MSBS's achieved successful operation, interest in
similarly equipped large wind tunnels waned in the

early 1970's; this was due primarily to perceived
formidable technical and financial barriers. However,

recent advancements in related areas of technology
have removed some of these barriers. One advance-

ment centers on large superconducting electromag-

nets needed to support the model and also counteract

aerodynamic loads. Another focuses on the super-

conducting solenoid as a model core (ref. 4) which
gives the model the highest possible magnetic mo-

ment. Furthermore, feasibility and conceptual design

studies (refs. 5, 6, and 7) have produced some inno-

vative MSBS designs. These innovations should sig-

nificantly reduce the costs of MSBS's for large wind
tunnels.

Since the late 1970's, Langley researchers have

steadily increased their in-house experience in the

design, development, and use of MSBS technology.
In 1979, the U.S. Air Force loaned the MSBS lo-

cated at the Arnold Engineering Development Cen-

ter (AEDC) (ref. 8) to Langley. The initial use of the
system provided operational experience with a work-

ing MSBS. It also provided a test bed for position-

sensing system development and controls studies. To
provide detailed study of the MSBS used with a wind

tunnel, the AEDC MSBS was combined with a small

low-speed wind tunnel. In 1984, this combination be-

came the 13-inch Magnetic Suspension and Balance

System wind tunnel at the Langley Research Center.

Ownership of this MSBS has since been transferred
to NASA from the Air Force.

This report discusses the physical characteris-

tics, some design considerations, and construction
of this tunnel. It also includes data from flow

uniformity, flow angularity, and velocity fluctuation
measurements.

cross-sectional area of test

section, in 2

b test section width, in.

M Mach number

Patm atmospheric pressure, psi

Pt total pressure, psi

q local dynamic pressure for each

probe on survey rake (computed

with wall static pressure and

total pressure from survey rake),
psf

qav average of local dynamic pres-

sures, psf

Aq incremental dynamic pressure

for each probe on survey rake,

q - qav, psf

R radial coordinate of tunnel

sections, in.

rms root mean square

u r fluctuating velocity component in

the streamwise direction, fps

U mean velocity in the streamwise

direction, fps

X longitudinal coordinate of tunnel

sections, in.

y spanwise distance, in.

Physical Characteristics of Wind Tunnel

The schematic drawing in figure 1 shows the tun-

nel as a closed-throat, open-circuit design. Ambient

air enters from and exhausts to the outdoors. Fig-
ure 2 shows where the bellmouth inlet and tunnel

exhaust penetrate the building wall. A shed roof,

shown in figure 3, protects the tunnel inlet from the

Symbols
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weather. Standard household screening protects the
tunnel circuit from outside contaminants.

As stated earlier, the purpose of this tunnel was

to provide for detailed study of the MSBS in use with
a wind tunnel. Therefore, we assembled the circuit

from parts of an existing model wind tunnel and a

few sections specifically designed for this use. At

the time of the original effort, flow quality consid-

erations were not a primary concern. However, this

did change and some of the tunnel sections were later

modified to improve flow quality. These changes are

included in the description of the individual sections.
The discussion that follows describes the tunnel cir-

cuit sections as they exist without the background

information on their original design approach.

Bellmouth

The bellmouth design uses the coordinates of the

ASME long-radius nozzle (ref. 9). This nozzle at-

taches to a straight duct about 2 1/2 inside diame-

ters long (figs. 4 and 5). The bellmouth has an inside

throat diameter of 25 in. and its walls are 3/8-in-thick

fiberglass-reinforced epoxy. We made total-pressure
surveys prior to this installation in the horizontal and

vertical planes at the end of this configuration. From

these surveys we computed the very flat, uniform dy-

namic pressure profiles shown in figure 6. Additional

constant diameter ducting extends the circuit to the
turn.

Turning Vanes

Both turns are of the design and construction

shown in figure 7. The photograph in figure 8 shows
that the 25-in-diameter turns contain 16 vanes made
of rolled aluminum. The vane installation uses a

spacing which varied according to the arithmetic pro-

gression in figure 9. Dimmock (ref. 10) developed this
method of spacing to provide uniform flow distribu-

tion downstream of turns in a gas turbine research

apparatus. Other tunnels also successfully use this

method of spacing for the turning vanes. They in-

clude the RAE 5-Meter Low-Speed Tunnel, the Lang-

ley 0.3-Meter Transonic Cryogenic Tunnel, and the

National Transonic Facility (NTF) at the Langley
Research Center.

Quick Diffuser

A quick diffuser provides the necessary flow ex-

pansion into the settling chamber. Figure 10 contains

the tabulated coordinates for the quick diffuser con-
tour. The change in diameter from 25 to 35.65 in.

produces a diffusion ratio of 2.03. Most quick dif-

fusers require a pressure drop device at the exit of

the diffuser to prevent flow separation. Prior work

indicated that a 2 1/2-in-thick section of 3/8-in. cell

honeycomb would give the necessary pressure drop.
However, refinements to the circuit, as discussed in

the section "Flow Uniformity," resulted in a com-

bination of honeycomb and three different screens.

The first is a 5-in-wide annulus of 40-mesh screen;

the second, a 10-in-wide annulus of 50-mesh screen;

and the third, a full 20-mesh screen. Figure 10 shows
the diffuser contour, current screen arrangement, and

honeycomb position.

Settling Chamber

A settling chamber with three 20-mesh screens
conditions the flow ahead of the contraction and

test section. Flanged Rohm & Haas Plexiglas rings

form the sections of the settling chamber. Individual

frames with diameters greater than the adjoining
Plexiglas flange support the screens. Bolts which

pass through the Plexiglas flanges and screens join
the sections together. This design allows random

installation or removal of screens without changing

the total length of the section. The sketch in figure 11

shows the original dimensions and screen locations.

Different screen locations, also shown in figure ll,

were necessary as a result of a later change in the
contraction design.

Contraction

The contraction portion of the tunnel consists

of two separate contraction sections. The first sec-

tion (primary) is the more conventional configuration

which provides a circle to circle contraction. Fig-

ure 12 shows the first section of both the original
and modified contractions. The discussion on flow

uniformity gives reasons for the modification. Both

designs have a contraction ratio of 4.30. The second

section (extended), built specifically for this tunnel,
completes the transition from a 17.2-in. diameter to

the modified octagonal test section. Figure 13 is a
schematic drawing of this extended contraction. This

design resulted in a contraction ratio of 1.96. The

design uses straight-line elements between the sec-

tion ends. The same geometry serves both as the

extended contraction and first-stage diffuser down-
stream from the test section. The total contraction

ratio of the combined contraction sections is 8.43.

Test Section

The first requirement in the design of this tunnel

was a decision on test section size and shape. This

section needed to be compatible with the existing

magnetic suspension and balance system and other
existing circuit components. We made the first test

section of Plexiglas for ease in viewing the model
and in using different types of flow visualization. A

later change to General Electric Lexan increased the

impact resistance.



Figure14showsoneofthefirst shapesconsidered,
atypicalsquarewith cornerfillets. Becausethetest
sectionhadto fit throughthe existingcirculardrag
coil, this shapelimited the test sectionarea. Its
cornersand associatedjoints alsocreatedpotential
interferenceproblemsfor theX-rayposition-sensing
systembeingusedat that time. ThisX-raysystem
had the sourceand sensorelementsmountedin a
x-configurationat 35° fromthevertical.

Anotherearly configuration was a regular dec-

agon, also shown in figure 14. This configuration
resulted in the largest test section area and placed

a flat surface nearly parallel to the position-sensing

elements. However, the joint along the side did not

offer the clearest viewing area for flow visualization

and photographic requirements.
The final configuration removed the side joint

from the regular decagon resulting in the modified

octagon shown in figure 14. This change caused

only a 10-percent decrease in the cross-sectional area.

It also provided a good match with the position-

sensing elements and a good side view for visual and

photographic purposes. Figure 15 shows a schematic

drawing of the test section. The major and minor
axes for this modified octagon are 12.56 and 10.69 in.,

respectively. The photograph in figure 16 shows the
test section as it passes through the magnet array.

Diffuser

The first-stage diffuser consists of a transition

section with the same geometry as the extended

contraction discussed earlier. The diffuser half-angle

for the top and bottom walls is 2.60 ° and 3.65 ° for the
sidewalls. This section connects to the main diffuser

shown in figure 17. The diffuser half-angle for this
section is 2.12 ° .

Drive fan

The circuit has a 2 1/2-in-thick honeycomb at the
end of the main diffuser to protect the fan. A turn

similar to the upstream turn directs the flow to the
fan section and tunnel exit.

The fan shown in figure 18 has 14 compressor-

style blades (3 3/4 in. long) and 15 stators. A
water-cooled, 200-hp, 6000-rpm, variable-frequency

electric motor drives the fan. The Able Corporation,

Anaheim, California, designed and built this very

specialized high-power-density motor. Its design and
small case diameter of 7.5 in. allowed installation

in line with the fan. Figure 19 is a sketch of this

installation.

Construction Materials

The circuit components are small, easily handled

sections of fiberglass-reinforced epoxy, wood, or Plex-

iglas. Wooden carts with casters support each section

for ease of movement during assembly and mainte-

nance. The carts have leveling screws for positioning

and stability once assembled.

Computations From Streamtube Curvature

Program

Before we constructed the new tunnel sections,

which included the extended contraction, we ran the

General Electric Streamtube Curvature Program of

reference 11 to predict the longitudinal and cross-
sectional Mach number distributions. These compu-

tations used that portion of the tunnel circuit from

the settling chamber to the end of the first diffuser

section. We modeled the area progression of the tun-

nel as axisymmetric, equivalent area circles. The

code used a design value of 0.5 for the test section

Mach number. Figure 20 shows the predicted flow as

well behaved through the extended contraction. The
results also show the expected moderate Mach num-

ber increase through the nondiverging test section.

The agreement shown between centerline and wall

distributions suggests uniform Mach number across

the tunnel sections. Two obvious exceptions exist.

The first exception occurs in the region of high wall

curvature in the primary contraction section. The

second exception occurs at the breaks in the wall an-

gle at the start and end of the test section. With no

indication of problems resulting from use of the ex-
tended contraction design, we assembled the tunnel

circuit shown in figure 21.

Calibration of Wind Tunnel

After assembly, we completed some circuit in-

tegrity runs. We applied yarn tufts to the tunnel

walls from the quick diffuser to the end of the test
section. These tufts provided a rough assessment of

the flow and indicated reasonably good flow in the

test section. However, we saw some flow separation

on the settling chamber wall just upstream of the
contraction.

During these runs, we used a camera pod instal-

lation at the beginning of the contraction as shown

in figure 22. This blockage caused minor changes to
the area progression between the design and opera-

tional stages. Therefore, the Streamtube Curvature

Program was rerun with the initial boundary-layer
thickness estimated as 1 inch. We installed static-

pressure orifices along the same tunnel sections in-
cluded in the code. We recorded pressures through

a range of rpm settings up to the one resulting in a
test section Mach number of 0.5. Figure 23 presents

the predicted and experimentally determined longi-
tudinal Mach number distributions. The agreement

is good except in the diffuser region. This area of



disagreementcomesfromdifferencesbetweentheac-
tual diffusersidewallangleand the largereffective
diffuserangleasdeterminedfromequivalentareasin
thecode.

Flow Uniformity

We used a cruciform-shaped total-pressure rake

to survey the test section for flow uniformity at

several longitudinal stations. These results, shown

in figure 24, are for intervals of 500 rpm from 500 to

4500 rpm at stations near the beginning and end of

the test section. The data show good flow uniformity

for almost all rpm settings. The exceptions are

the high rpm settings which correspond to the very
highest Mach numbers. The data are very similar

through the length of the test section. The only

differences are the result of expected boundary-layer

growth.

The original intent of our research was to gain
some practical experience with a MSBS. Therefore,
we considered the flow characteristics defined from

this initial survey as satisfactory. However, after

some basic testing, we determined that improved
flow quality would be necessary to obtain useful

aerodynamic data. When the original calibration

data were reexamined as q distributions (see fig. 25
for M _ 0.49 data), we noted undesirable variations

up to +1.6 percent in q across the test section. The

general distribution was quite unsymmetrical with

the maximum deviation near the top wall.

As a start to improving the flow quality, we estab-

lished a goal of +0.25-percent variation in the q dis-

tribution. The survey station shown in figure 15 was
the location of all the measurements used for evaluat-

ing improvements in flow uniformity. We suspected

that some of the large deviations in figure 25 were a

result of the camera pod and strut installation. The

first step was to remove the camera pod and strut.

Before doing a new survey, we installed a 0.25-in-

diameter pitot tube at the previous location of the

strut. This replaced the reference total-pressure tube

originally installed in the upstream end of the cam-
era pod. The results in figure 26 show considerable

improvement in the q distribution for the middle area
of the test section.

For additional improvement, we added three 20-

mesh screens at the end of the quick diffuser to

increase the pressure drop (fig. 27). The results
from this change appear in figure 28. The maximum

deviation is about 1.1 percent near the top wall and
the horizontal survey is now symmetrical.

After studying the data and the tunnel setup,

we realized that the wake from the pitot probe was
influencing the bottom results. We pulled this tube

down next to the tunnel wall and did another survey.

(Note that the measurement of a reference total

pressure is not necessary for determining variation

in q in the test section.) Figure 29 shows the vertical

and horizontal distributions as symmetrical. The

maximum deviation is about 0.8 percent. The wake
from the pitot tube appears to have increased the

total-pressure loss measured near the bottom of the

test section. Interestingly, the absence of the deficit

after lowering the probe provides strong evidence of
no swirl in the flow.

We tried modifying the screen and honeycomb
combination at the end of the quick diffuser. Dif-

ferent modifications gave varying degrees of success.

Figure 30 shows the screen and honeycomb arrange-

ment that resulted in the least variation in q. The
data in figure 31 show that the maximum devia-

tion for this arrangement is 0.5 percent, which is

a significant improvement over the previous maxi-

mum of 0.8 percent; however, we were aiming for
0.25 percent.

We finally determined that a modification to the

primary contraction contour was necessary to meet
the desired level of flow uniformity. This contraction

was an existing piece originally intended for use as

a quick diffuser. By design, it quickly turned and
slowed the flow with a small radius of curvature

surface. In reverse, this section when used as a

contraction section appeared to overaccelerate the

flow. This resulted in higher velocity regions near the
walls of the test section. This is clear in most of the

surveys where the peaks in the q variation represent
the highest velocities. Therefore, we decided to

increase the radius of curvature by fairing in the

entrance of the primary contraction section.

Figures 12(b) and 32 show the lines of the mod-

ified primary contraction. We interchanged the two

constant diameter sections of the settling chamber to

give additional length for a fairing. We then made
a smooth transition between the last screen of the

settling chamber and the beginning of the extended
contraction section.

We surveyed the flow resulting from the modi-

fied primary contraction and the screen-honeycomb

arrangement in figure 32. Figure 33 shows the re-

sults of this survey. The deviations in q are within

±0.25 percent over about 80 percent of the width and

height of the test section. Although more improve-

ments in flow quality may be possible, we made no

additional effort to optimize the screen-honeycomb
arrangement following the contraction modification.

The last step was the installation of a new total-

pressure-total-temperature probe in the contraction

at an off-axis location. The 0.125-in-diameter probe
reduces down to 0.063 in. in diameter after the 90 °
turn to minimize its wake.

4



Flow Angularity

We used the high sensitivity two-axis yaw-

meter shown in figure 34 to measure flow angular-

ity. The manufacturer's data show the sensitivity

for this probe as about an order of magnitude higher

than conventional five-tube designs (ref. 12). For this

study, we mounted the yawmeter to one of the test
section sidewalls as shown in figure 35. This yaw-

meter gives the flow direction in both pitch and yaw

planes as well as the total pressure. We recorded

pressures in both pitch and yaw planes at three span-
wise stations for Mach numbers up to 0.4.

The reference for the yawmeter's pitch attitude

was an optical cathetometer leveled to horizontal
zero. This is a remote fixed device used to measure

relative vertical and horizontal displacements. (See

fig. 36.) With the use of this device, the pitch
attitude was accurate to about +0.02 ° . Due to the

lack of accurate measurements of the yawmeter's yaw

attitude, we did not include the results in the yaw

plane.

Figure 37 shows the flow angularity results in

the pitch plane at three spanwise stations. It is

important to note that these angles are relative to
the cathetometer reference and not the test section

centerline and indicate an upflow of about 0.5 °. Since
the tunnel sections rest on stands that are not fixed to

the floor, they are free to move. Measurements of the

tunnel floor angle made during the flow angularity

runs show the tunnel floor angle to vary from 0.05 °

to 0.15 °. Therefore, the flow angularity relative to a
tunnel reference could be as low as 0.35 ° .

Velocity Fluctuations

We used a constant-temperature hot-wire anemo-

meter to measure the fluctuating velocity component
in the streamwise direction u'. The commercially

available single-wire probe used 0.00015-in-diameter

platinum-coated tungsten wire with a sensor length
of 0.050 in. We took data through a Mach number

range from 0.05 to 0.3 in a plane perpendicular to

the test section centerline. This plane was located

longitudinally at the magnet center in the test sec-

tion. Since it is generally accepted that the flow is

incompressible for Mach numbers below 0.3, we as-

sumed King's Law to be appropriate for calibration
of the wire and for data reduction.

Calibration data at each survey location were

fitted by a regression analysis to the King's Law

equation:

E 2 = A + BV n

where E is the mean voltage, V is the mean velocity,

and A, B, and n in this equation are constants deter-

mined by the regression analysis. Figure 38 shows a

typical data set and curve fit.

In the data reduction, each instantaneous volt-

age from the hot wire is added to its direct-current

component and then converted to an instantaneous

velocity. These instantaneous velocities are then col-

lectively analyzed to determine the rms values. The

rms values, in percent, are plotted as a function

of Reynolds number for the horizontal and vertical

centerlines in figure 39. The data show a fluctu-

ation level of 0.2 ± 0.1 percent in the streamwise

component.

Concluding Remarks

Sections of an existing model tunnel were com-
bined with some new sections to produce a small,

subsonic wind tunnel with very good flow qualities.

We used this tunnel in conjunction with the 13-inch

Magnetic Suspension and Balance System (MSBS).

The tunnel is capable of speeds up to Mach 0.5.

We were able to predict the longitudinal Mach num-

ber distributions through the test section by using

the General Electric Streamtube Curvature Program.
Refinements to the circuit resulted in dynamic pres-

sure variations of ±0.25 percent or less across about

80 percent of the test section area. Measurements

of flow angularity in pitch show about 0.5 ° upflow.

Velocity fluctuations in the longitudinal direction are

about 0.2 + 0.1 percent.

NASA Langley Research Center
Hampton, VA 23665-5225
December 9, 1988
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(a) Upstream turn.

L-83-10646

(b) Downstream turn.

Figure 7. The 13-inch MSBS tunnel turns.
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Figure 25. Dynamic pressure survey for original configuration. M _ 0.49.
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Figure 26. Dynamic pressure survey without camera pod and strut but with 1/4-in-diameter pitot probe.
M _ 0.52.
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Figure 28. Dynamic pressure survey with three additional screens upstream of honeycomb. M _ 0.51.
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Figure 29. Dynamic pressure survey (same as fig. 28 except with 1/4-in-diameter pitot probe pulled down to
tunnel wall). M _ 0.51.
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Dynamic pressure survey using screen-honeycomb arrangement shown in figure 30. M _ 0.51.
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Figure 33. Dynamic pressure survey using modified primary contraction section. M _ 0.51.
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(a) Side view.
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(b) Front view.

Figure 34. Two-axis yawmeter.
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